In this work, the effect of gold nanorods on the performance of poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C 61 -butyric-acid-methyl-ester bulk heterojunction solar cells was investigated. Gold nanorods were introduced into the anodic buffer layer by simply blending them with the solution of poly(3,4-ethyl-enedioxythiophene):poly(styrenesulfonate). Even with a fairly low density of the nanorods, the resulting devices showed a remarkable 21.3% enhancement in the power conversion efficiency and a 13% enlargement in the short circuit current. By examining the absorbance profiles of active films made with different conditions, such enhancements can be related to the localized transverse and longitudinal plasmon resonance modes in the metallic nanoparticles. Gold nanorods helped as well in reducing the device series resistance by up to 36%, which also contributed to the global enhancement in the efficiency.
1.
Introduction:
Organic solar cells (OSCs) have widely captured the attention of green energy researchers due to their interesting features such as low cost of fabrication, ease of manipulation, and lightweight [1] . The architecture of a bulk heterojunction (BHJ) solar cell has demonstrated its potential for enhancing the power conversion efficiency (PCE) by facilitating the excitons dissociation through an interpenetrating network between electron-donor and electron-acceptor materials [2] . Up to now, only 5% PCE has been achieved from a polymer:fullerene BHJ solar cell that comprises poly (3-hexylthiophene-2,5-diyl) (P3HT) as the polymer and [6, 6] -phenyl-C 61 -butyric-acid-methyl-ester (PCBM) as the fullerene derivative [3] . The absorption of the active layer (polymer:fullerene layer) is a very important factor for achieving a high photovoltaic (PV)
performance [4] . The effective reported thickness for the active layer (~ 100-200 nm) [4] [5] [6] is too low for a complete absorption of the incident light within the absorption range of the active layer.
Although enlarging the active layer thickness increases its light absorption, the low charge carrier mobilities [5, 6] reduce the efficiency of BHJ-OSC due to the increase in the charge carriers recombination and the device series resistance (Rs).
It has been reported that intensifying the electromagnetic (EM) field of the incident light via localized surface plasmon resonance (LSPR) in metallic nano-particles/structures (MNPs) helped in improving the absorption of the active layer with no need for increasing its thickness [4, 7] . LSPR occurs when the frequency of the electric field of the incident light resonates with the oscillations of MNPs conduction electrons. The excited MNPs thereby strongly absorb (near-field effect) and scatter (far-field effect) the incident light, producing an enhancement up to a factor of 100 [3] , in the electric field surrounding them [8] . Previous studies showed that the PCE of BHJOSCs was improved considerably by MNPs incorporated into OSC layers either on top of indium tin oxide (ITO) [9] [10] [11] [12] , within poly(3,4-ethyl-enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [13] [14] [15] , within P3HT:PCBM [16] , or with the back electrode [17] .
Dunbar et al. [18] reported that the enhancement in the light absorption due to MNPs embedded in the OSCs layers is higher than that associated with placing them near front/back electrodes. This is due to their additional role in reducing the device series resistance. However, embedding MNPs in the active layer introduces quenching energy states for the excitons, which reduces the number of free charges carriers that are collected by electrodes [12, 16] . Hence, introducing MNPs in the anodic buffer layer (ABL) of OSCs would be a good approach. The effect of incorporating non-spherical MNPs into the ABL of BHJ-OSC has not been studied widely whereas all of the earlier studies were performed using relatively spherical particles [14] [15] . The fact that the plasmonic absorption mode is a shape-dependent property [19] , and the possibility of having higher fraction of the forward-scattered light using cylindrical particles rather than the spherical ones [20] motivate the use of gold nanorods (Au NRs) in the present work. Besides, the resonance peaks of Au NRs are situated around the absorption features of P3HT:PCBM.
In the current study, we report the influence of Au NRs on the performance of OSC by a direct blending of different amounts of Au NRs solutions with PEDOT:PSS solution. The contiguous contact between the ABL and the P3HT:PCBM layer makes it possible for the intensified electromagnetic field around the Au NRs to reach the P3HT:PCBM layer, thereby improving its absorption of light. By investigating the absorbance profiles of several active films made with different conditions, we can relate the enhancement in the device performance to the transverse and longitudinal plasmonic modes of Au NRs.
Experimental methods:
Gold nanorods, Fig. 1 , were synthesized following our previously reported method in reference [12] . The concentration of Au NRs in the aqueous solution was ~1.593×10 12 rods/ml. In The output intensity of the lamp was adjusted to 100 mW/cm 2 using a silicon photodiode (LI-200
Pyranometer). The current-voltage (JV) measurements were carried out using a source-meter (Keithley 2400). The PV parameters: open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF) and PCE were measured in devices with and without Au NRs, under the same experimental conditions.
Results and Discussions:
Fig . 3 compares the absorption spectrum for both P3HT:PCBM film and Au NRs solution.
The black-line curve shows two plasmonic peaks, at 520 nm and 715 nm, for Au NRs, which resulted from the excitation of conduction electrons in the directions perpendicular (transverse mode) and parallel (longitudinal mode) to the rod long-axis, respectively [21] . The red-dot curve shows that the active layer absorption ranges from 370 nm to 650 nm, with an absorbance maximum around 518 nm and two shoulder peaks around 560 and 610 nm. It is clear that the resonance peaks for Au NRs are situated at or near the absorption maximum of the P3HT:PCBM.
Besides, the longitudinal peak of Au NRs is close to the IR absorption edge of the active layer.
Hence, the intensified electric field around the NRs would reach the active layer and increase its absorption near the plasmon peaks of the NRs, even though the total enhancement remains small near the IR wavelengths.
In order to picture the Au NRs density and orientation in the PEDOT:PSS layer, scanning electron microscopy (SEM), Fig. 4 , was performed for the PEDOT:PSS:AuNRs spin-coated film.
The white droplet-like structures indicate the Au NRs. From the uniformity of the PEDOT:PSS:Au NRs film, we can presume that the NRs did not aggregate after being mixed with the PEDOT:PSS [3] . Furthermore, the orientations of Au NRs within the PEDOT:PSS film were arbitrary, and their density was very low. , and table 1 summarizes the PV parameters. In our devices, the values of the PCE were generally low due to the devices exposure to the air at a certain point during evaporation and characterization processes. It can be seen from table 1 that the 7% and 15% Au NRs devices showed an increase in both Jsc and PCE. The optimal value for the enhancement was observed from the 15% Au NRs devices, which has ~ 2.38 × 10 11 rods/ml in the ABL solution. For these devices, we observed a clear enhancement in the Jsc from 6.6 to 7.7 mA/cm 2 , which lead to 21.3% enhancement in the PCE. We found such enhancement quite interesting considering the low density of the MNPs in the layer as compared to some reported studies in which the density of the particles was much higher [9, 11, 15] . The density of the NRs embedded in the ABL of our samples was estimated from the SEM as ~ 6 -8 × 10 8 rods/cm 2 .
In order to determine whether the enhanced performance in our devices was indeed related to the plasmonic effect, we performed a comparative study between the absorbance of P3HT:PCBM film made with different conditions: pristine-thick, pristine-thin and thick P3HT:PCBM film with Au NRs. Fig.6 shows the absorbance profile of the resulting films: the brown-O curve corresponds to thick P3HT:PCBM:AuNRs (film I), the green-◊ curve corresponds to thick P3HT:PCBM (film II) and the blue-∆ curve corresponds to the thin P3HT:PCBM (film III). The change in the P3HT:PCBM thicknesses was achieved by varying the spin-coater speed (RPM) from 1000 to 1500 for thick and thin films respectively.
As Fig. 6 shows, while the absorbance shapes of the three films are similar, the absorbance intensity varied and the highest one was associated with the Au NRs incorporated film. Due to the similarity in the absorbance shapes of those films, the multi-modes excitationdependent for the film with Au NRs was not obvious. However, a clear plasmonic-related shape appeared by comparing the increase in the absorbance between films I and II (red-× curve) along with the one between films II and III (black + curve). Differences in the absorbance of films made at different conditions: (thick pristine film -thin pristine film) and (thick NR incorporated filmthick pristine film) gave the spectra shown in the inset of Fig. 6 . The increase in the thickness of pristine P3HT:PCBM film shows a maximum around 480 nm. In contrast, Au NRs in the active layer produced a peak maximum around 560 nm and two shoulder peaks around 518 and 610 nm.
From Fig. 3 , the enhancement in the absorbance at 518 is related to the transverse mode of the NRs, while the enhancement at 560 and 610 could be linked to the tail of the longitudinal mode of the NRs. From these peaks and shoulders, we could conclude that both modes of Au NRs are active here. Hence the observed differences in the absorption shapes between films I, II and III would link the enhancement in the P3HT:PCBM absorption to the multi-modes excitation in Au
NRs. Figure 7a illustrates the external quantum efficiency (EQE) measurements for reference device along with the 15% Au NRs one. These measurements were carried out by varying the wavelengths of the incident light from 400 to 800 nm using a Newport 74000 monochromator. As the cut-off wavelength of our monochromator is around 400 nm, the EQE response was not measured below that wavelength. The power intensity of the incident light is calculated using a calibrated Si photodiode (Thorlabs FDS100). To show that the enhancement in the Jsc was dependent on the multi-modes excitation of Au NRs, we investigated in Fig. 7b the increase in the EQE via incorporating the 15% Au NRs in ABL solution. We found that the EQE was enhanced by up to 12-14% respectively around 520-640 nm, which are near to the transverse absorption reported results similar to ours with the EQE curves for both reference and NPs devices having the same absorption ranges with a slight enhancement in the tail near the IR region [4, 11, 15] .
In our devices, we would expect that the LSPR will enhance the local EM field near the MNPs, thereby intensifying the light that passed through the P3HT:PCBM layer. It is also possible that Au NRs helped trapping the incident light in the active layer via forward scattering mechanism. Thereby, the number of the photo-generated excitons inside the active layer would be increased [14, 16] , which would then increase the number of the free charge carriers that were collected by electrodes. This would explain the enhancement in the devices Jsc, and the improvement in the PCE.
For denser Au NRs in the buffer layer, 30% devices, as listed in Table 1 , the values for both Voc and Jsc were lower than the ones for the reference device. Since the thickness of ABL was ~ 30 nm, comparable to the long axis of the NRs, and the NRs orientations were arbitrary in that layer, a higher density of Au NRs would tend to have the rods located at the interface, touching the active layer. Therefore, we would expect that most of the photo-generated excitons near the ALB/P3HT:PCBM interface to be subjected to recombination processes. Hence, the number of free charge carriers that reached electrodes would be lowered, thus reducing both Voc and Jsc [7] . It is also possible that the larger density of NRs would prevent some light from reaching the active layer either by scattering or increased absorption in the NRs [15] . Table 1 also shows that by embedding Au NRs in the PEDOT:PSS layer, the devices series resistance (Rs) was reduced by up to 36%, which contributed to the total enhancement in the PCE. Au NRs in the PEDOT:PSS layer reduced the volume of the PEDOT:PSS, which lowered the value of Rs, and diminished the interfaces that holes had to travel through to reach the anode. This would facilitate the movement of holes toward the anode [16] . As Fig. 8 indicates, the reduction in the Rs could also be due to the work function of Au NRs, ~ -5.1 eV [16] , that matches very well with both the polymer HOMO level and the PEDOT:PSS work function. With that scenario, Au NRs in the ABL would act as a hole-conductor interface, leading to a better extraction of the holes after being dissociated from the excitons. This would result in an increase in the number of free holes reaching the ITO-interface [16] .
Conclusion:
An extracted from the slope of the JV characteristics in the dark condition at 0.8V.
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